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ABSTRACT
We study the luminous mass as a function of the dynamical mass inside the effec-
tive radius (re) of early-type galaxies (ETGs) to search for differences between these
masses. We assume Newtonian dynamics and that any difference between these masses
is due to the presence of dark matter. We use several samples of ETGs -ranging from
19 000 to 98 000 objects- from the ninth data release of the Sloan Digital Sky Survey.
We perform Monte Carlo (MC) simulations of galaxy samples and compare them with
real samples. The main results are: i) MC simulations show that the distribution of
the dynamical vs. luminous mass depends on the mass range where the ETGs are dis-
tributed (geometric effect). This dependence is caused by selection effects and intrinsic
properties of the ETGs. ii) The amount of dark matter inside re is approximately 7%
± 22%. iii) This amount of dark matter is lower than the minimum estimate (10%)
found in the literature and four times lower than the average (30%) of literature esti-
mates. However, if we consider the associated error, our estimate is of the order of the
literature average.
Key words: Galaxies: fundamental parameters, photometry, distances and redshifts.
Cosmology: dark matter.
1 INTRODUCTION
The masses of galaxies have traditionally been measured ei-
ther by estimating their stellar, gas and dust content (Spin-
rad & Peimbert 1975), or, for spiral galaxies, by measuring
their rotation velocities at different radii, or by measuring
their velocity dispersion in the case of elliptical or irregular
galaxies (Burbidge & Burbidge 1975; Sofue & Rubin 2001;
Simon & Geha 2007).
The estimation of the stellar, gas and dust content of
galaxies is usually carried out by using the amount of ra-
diation we detect coming from them, and invoking typical
mass to light ratios (M/L) that have been calibrated us-
? Based on data taken from the DR9 of the Sloan Digital Sky
Survey.
† E-mail: anigoche@gmail.com
ing different stellar samples in our own Galaxy. Measuring
the rotation velocity of spiral galaxies at different radii pro-
duces the rotation velocity curve. These rotation velocity
curves are tools which are used, among other things, for de-
termining the amount and distribution of mass interior to a
given radius, to study the kinematics of galaxies, to derive
an insight into their evolutionary histories and the possible
role that interactions with other systems have played. De-
partures from the expected rotation curves may be related
to the possible presence and distribution of dark matter. Ro-
tation curves are also very useful since they may be obtained
at different wavelengths and, therefore, provide information
as to the kinematics of different constituents of the galaxy.
Rotation curves may be observed in the optical and infrared
to trace the stellar and ionized gas motions, as well as in the
radio and microwave regimes which trace the neutral and
molecular gas components of a galaxy. It was precisely due
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to the fact that many rotation curves of spirals turned out to
be flat towards the galactic outskirts that the presence of a
yet unknown type of mass, now denoted as dark matter, was
suggested. See Sofue & Rubin (2001), and references therein.
More recently, galactic masses have also been measured
by means of stellar population synthesis models which give
an idea of the total stellar content of a galaxy as well as the
distribution of stars of all the different spectral types and
luminosity classes (Auger et al. 2010; Barnabe` et al. 2011;
Sonnenfeld et al. 2012). These methods assume a universal
IMF, however, recently it has been demonstrated that the
IMF is not universal and that it depends on M/L (Cappel-
lari et al. 2012).
Galactic masses have also been calculated using dy-
namical models of ETGs, for example van der Marel (1991)
constructed dynamical models for 37 bright elliptical galax-
ies. From these models he found an average (M/L)B =
(5.93± 0.25)h50. Discrepancies of the observed velocities in
the outer parts of the galaxies with those predicted by the
models implied that no axisymmetric models with constant
mass-to-light ratios appropriately described the kinematical
behaviour of these galaxies in their outskirts, these results
may indicate the presence of dark haloes. Dynamical mod-
els made by Magorrian et al (1998) for 36 nearby galaxies
observed with the HST and ground-based telescopes indi-
cated that in 30 of these galaxies, it was necessary to invoke
the presence of a central massive dark object (MDO) whose
mass amounted to M• ∼ 0.006Mbulge. They concluded that
∼ 97% of ETGs had MDOs whose masses distributed nor-
mally in log(M•/Mbulge) with a mean value of −2.28.
A detailed study of the pure disk galaxy M33 led Geb-
hardt et al. (2001) to conclude that supermassive black holes
(SMBH) were associated with galaxy bulges and not with
their disks and that the SMBH mass correlated with the
velocity dispersion of the bulges. Dynamical studies of line-
profile shapes of 21 elliptical galaxies were used by Ger-
hard et al. (2001) to investigate the dynamical family rela-
tions and dark halo properties of these galaxies. They found
interesting results regarding their circular velocity, radial
anisotropy, the fact that ETGs also obeyed a Tully-Fisher
relation, etc. They also found that elliptical galaxies have
nearly maximal M/LB which implied minimal haloes. As far
as the presence of dark matter was concerned, some galaxies
showed no dark matter within 2re, whereas others presented
values of M/LB of 20 − 30 at 2re. Their maximum stellar
mass models required ∼ 10% − 40% of dark matter within
re, and equal amounts of dark and luminous matter were
needed at ∼ 2 − 4re. Using two-integral Jeans and three-
integral Schwarzschild dynamical models of 25 elliptical and
lenticular galaxies, Cappellari et al. (2006) studied the cor-
relations between the dynamical mass-to-light ratios M/L
and other global observables. They found no difference be-
tween the M/L ratio of galaxies in the field and in clusters.
They determined that the amount of dark matter inside re
was ∼ 30% of the total mass contained there. They specu-
lated that the amount of dark matter appeared to correlate
with the galactic rotation velocity; the fast-rotating galaxies
contain less dark matter compared with the more massive
slow-rotating ones.
Thomas et al. (2007) made dynamical models of 17
early-type galaxies in the Coma cluster. Their best model
fit including dark matter matches the data better than the
best fit without dark matter. They found that the central
phase-space density of dark matter is lower (1/10) than that
of luminous matter. Williams et al. (2009) produced mass
models for a sample of 14 spiral and 14 S0 galaxies in or-
der to constrain their stellar and dark matter content. These
mass models contain within the effective radius re a median
15% dark matter. Dark and stellar matter contribute equally
in a 4.1re radius sphere. Thomas et al. (2011) made dynam-
ical models of galaxies in the Coma cluster. Assuming that
the mass distribution is equal to the light distribution, they
obtained dynamical masses that do not agree with those
obtained from strong gravitational lens systems of similar
velocity dispersion. To make them match it is necessary to
include, in the dynamical fits, dark matter haloes. A con-
stant IMF proves inadequate because the amount of mass
that follows the light increases more rapidly with the veloc-
ity dispersion than expected. They conclude that a variation
of the IMF with the galactic velocity dispersion may correct
this problem. For galaxies containing old stellar populations
it appears that a systematic variation of the total (stellar +
dark) mass within the effective radius explains the tilt of the
fundamental plane. Cappellari et al. (2013) made axisym-
metric dynamical models for 260 galaxies in the ATLAS3D
sample. They derived accurate mass-to-light ratios (M/L)e
and dark matter fractions fDM , in a sphere of radius re.
Their fDM distribution presented a median value of 13% in
their galaxy sample.
Masses of galaxies have also been measured using the
gravitational lens phenomenon which provides precise and
direct measurements of galactic masses at different scales.
Measurements using the gravitational lens phenomenon also
allow us to establish the presence and nature of dark matter.
For a number of years it has been believed that elliptical
galaxies are surrounded by extended haloes of dark matter
(Treu 2010) that follow the Navarro et al. (1996) density
profiles, although it appears in some cases that little dark
matter is present in the inner (r 6 re) parts of the galaxy,
whereas in other more recent studies it seems that up to
30% of the mass content inside one effective radius is dark
matter (Treu & Koopmans 2004). Studying the kinematics
of stars, globular clusters, and cold and hot gas in nearby
systems (Bertin & Stiavelli 1993; Humphrey et al. 2006), it
has been established that dark matter haloes are required to
explain the dynamics of massive elliptical galaxies, as long
as we require Newtonian gravity to be valid at these scales.
Weak-lensing observations have been used to reveal the
presence of and to characterise dark matter haloes of ellip-
tical galaxies out to redshifts z ∼ 0.5 (Lagattuta et al. 2010;
Hoekstra et al. 2005; Gavazzi et al. 2007). For ETGs with
redshifts in the interval 0.5 6 z 6 1, the presence of dark
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matter haloes has been suggested by strong-lensing observa-
tions.
The relative spatial distribution of luminous and dark
matter is studied through the determination of the frac-
tion of total mass in the form of dark matter within a pro-
jected fraction or multiple of the effective radius (Jiang &
Kochanek 2007). fDM appears to increase with growing ra-
dius reaching values of ∼ 70% at five effective radii (Treu &
Koopmans 2004). Furthermore, fDM within a fixed radius
seems to grow with galaxy stellar mass and with velocity dis-
persion (Tortora et al. 2009; Napolitano et al. 2010; Graves
& Faber 2010; Auger et al. 2010a).
fDM ultimately reveals the degree of difference between
dynamical mass and luminous mass in a galaxy. fDM may
vary from very large values, as has been found for dwarf
spheroidal galaxies by Simon & Geha (2007), to small val-
ues as in the case of bright giant elliptical galaxies (Ro-
manowsky et al. 2003). Studies of the Virgo giant ellipti-
cal galaxy NGC 4949 (M60) by Teodorescu et al. (2011)
reveal that the kinematics of Planetary Nebulae in this ob-
ject is consistent with the presence of a dark matter halo
with fDM ∼ 0.5 for r = 3re. De Bruyne et al. (2001) pre-
sented three-integral axisymmetric models for NGC 4649
and NGC 7097 and concluded that the kinematic data for
NGC 4649 only require a small amount of dark matter, how-
ever Das et al. (2011) determine fDM ∼ 0.78 at r = 4re for
NGC 4649. Koopmans et al. (2006) present a gravitational
lensing and stellar-dynamical analysis of 15 massive field
ETGs. They find an average projected dark matter fraction
of < fDM >= 0.25± 0.06 inside the average Einstein radius
assuming the values of stellar mass-to-light ratios from the
fundamental plane. The average inner mass density of the
galaxies studied presents no evolutionary changes suggesting
a collisional scenario that leads to a dynamically isothermal
mass distribution. Barnabe` et al. (2011) study the internal
mass distribution, the amount of dark matter and the dy-
namical structure of sixteen early-type lens galaxies from
the SLACS survey at z = 0.08 − 0.33. By combining the
constraints from gravitational lensing and stellar kinemat-
ics, they determine, among other things, the lower limit for
dark matter fDM inside the effective radius. This fraction
varies from almost zero to almost 50% with a median value
of 12%. Including stellar population synthesis models and
using a Salpeter IMF they found an average fDM inside one
effective radius of∼ 0.31. This value increases to fDM ∼ 0.61
if a Chabrier IMF is assumed instead. Finally Nigoche-Netro
et al. (2011) comparing masses obtained from colours and
masses obtained via the virial theorem for approximately 90
000 ETGs found an almost negligible amount of dark matter
inside re.
It is well known that direct detection of dark matter has
not been achieved yet. Its presence has been deduced from
dynamical analysis in which Newtonian gravity is required
to be valid. Alternatively, it may be thought that the cur-
rent Newtonian and general relativistic theories of gravity
fail at these very low acceleration regimes. A modification
of Newtonian dynamics (MOND) (Milgrom 1983) has been
proposed and further developments along these lines have
been able to explain a variety of phenomena without the
need to invoke the presence of dark matter e.g. spiral galaxies
flat-rotation curves (Sanders & McGaugh 2002), projected
surface density profiles and observational parameters of the
local dwarf spheroidal galaxies (Herna´ndez et al. 2010; Mc-
Gaugh & Wolf 2010; Kroupa et al. 2010), the relative velocity
of wide binaries in the solar neighbourhood (Herna´ndez et
al. 2012), fully self-consistent equilibrium models for NGC
4649 (Jime´nez et al. 2013) and references in these papers
among others.
In this work we present a study of luminous and dy-
namical mass inside the effective radius of ETGs consider-
ing Newtonian dynamics. We search for differences between
these masses and assume that any difference is due to dark
matter. It is important to stress at this point that whenever
we quote values for the amount of dark matter, these cor-
respond to mean values calculated in different intervals of
mass depending on the case being discussed at the time.
The structure of this study is as follows; in §2 we present
the sample of ETGs we use in this work, in §3 we calculate
the virial and stellar masses for all the galaxies in the sample,
§4 discusses the amount of stellar mass as a function of virial
mass, §5 deals with the amount of dark matter found inside
ETGs, and finally, §6 presents our conclusions.
2 THE SAMPLE OF ETGS
We use a sample of ETGs from the Ninth Data Release
(DR9) of the Sloan Digital Sky Survey (SDSS) (York et
al. 2000; Abazajian et al. 2009; Aihara et al. 2011) in the
g and r filters. This sample contains approximately 98000
galaxies in each filter, distributed in a redshift interval
0.0024 < z < 0.3500 and within a magnitude range < ∆M >
∼ 7 mag (−17.5 > Mg > −24.5). This sample shall be
called hereafter, “Total-SDSS-Sample”. The selection crite-
ria of the Total-SDSS-Sample are similar to those used in
Hyde & Bernardi (2009) and Nigoche-Netro et al. (2010);
i.e.:
1) The brightness profile of the galaxy must be well
adjusted by a de Vaucouleurs profile, in both the g and r
filters (fracdevg = 1 and fracdevr = 1 according to the SDSS
nomenclature).
2) The de Vaucouleurs magnitude of the galaxies must
be contained in the interval 14.5 < mr,dev < 17.5 and its
equivalent in the g filter.
3) The quotient of the semi axes (b/a) for the galaxies
must be larger than 0.6 in both filters g and r.
4) The galaxies must have a velocity dispersion of σ0 >
60 km/s and a signal-to-noise ratio (S/N) > 10.
The fundamental difference between the selection proce-
dure in Nigoche-Netro et al. (2010), and that of the present
paper, is that in this work we do not use the morphologi-
cal parameter eclass, since it is not given in the DR9. eclass
c© 2014 RAS, MNRAS 000, 1–24
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means early-type spectrum in the SDSS nomenclature. An
analysis performed on a sample of approximately 90 000
ETGs from the DR7 in Nigoche-Netro et al. (2010) indi-
cates that there is a difference of 21 galaxies when applying
the eclass criterion from the number obtained when this pa-
rameter is not used. This demonstrates that the rest of the
criteria used are capable of obtaining the same selection of
ETGs, and that the exclusion of the eclass parameter will
not produce a significant change in the number of galaxies
found in the sample drawn from the DR9. In the DR9 we
find a new morphological classification, which appears to be
more rigorous than the eclass parameter. This new morpho-
logical classification is obtained from the Galaxy Zoo project
(see Lintott et al. 2008) and can be found in the Zoospec cat-
alogue in the DR9. In this catalogue we may only find those
galaxies for which there is spectroscopic information from
the DR7. The total number of ETGs considering only the
morphological classification from Zoospec is approximately
59,000. If in addition, we require this sample to fulfill the
criteria 1-4 listed above, the sample is reduced to approxi-
mately 27,000 ETGs. This last sample shall be referred to
as “The-Morphological-Sample”. Given that the aim of this
work is making use of the new photometric and spectro-
scopic information in the DR9, The-Morphological-Sample
will only be used to perform comparisons with the Total-
SDSS-Sample.
In addition, using the general restrictions 1-4 defined
above, we extract a volume-limited sample (0.04 6 z 6
0.08) of approximately 19 000 ETGs from the DR9 in the g
and r-band filters. This subsample covers a magnitude range
< ∆M > ∼ 4.5 mag (−18.5 > Mg > −23.0) in both filters
and is approximately complete for Mg 6 −20.0 (see Nigoche-
Netro et al. 2010; Nigoche-Netro et al. 2011 for details). We
shall refer to it as “The-Homogeneous-SDSS-Sample”.
The photometry and spectroscopy of the samples of
galaxies drawn from the DR9 require a series of corrections
that are listed as follows:
• Seeing correction: We use the seeing-corrected param-
eters (total magnitude and effective radius) from the SDSS
pipeline.
• Extinction correction: We use the extinction correction
values from the SDSS pipeline.
• K correction: We use the K correction values from
Bernardi et al. (2003a) and apply them to our sample as
follows:
kg(z) = −5.261 z1.197, (1)
kr(z) = −1.271 z1.023. (2)
• Cosmological dimming correction: We use the cosmo-
logical dimming correction of Jørgensen et al. (1995a).
• Evolution correction: Bernardi et al. (2003b) report that
the more distant galaxies in their sample are brighter than
those nearby. We use their results and apply them to our
sample of galaxies as follows:
evg(z) = +1.15 z, (3)
evr(z) = +0.85 z. (4)
• Effective radius correction to the rest reference frame:
Given that ETGs have colour gradients, their mean effective
radii at longer wavelengths are smaller. To correct for this
effect, we follow the procedure given in Hyde & Bernardi
(2009).
• Aperture correction to the velocity dispersion: The ve-
locity dispersion for ETGs appears to have radial gradients.
This means that the velocity dispersion values given in the
SDSS (σSDSS) depend on both the distance of the object and
the size of the aperture used for the observations (rap). To
correct our data to a system that is independent of both the
distance and instrument used for the observations, we use
an expression derived by Jørgensen et al. (1995b) as follows:
log
(
σSDSS
σe
)
= −0.065log
(
rap
re
)
− 0.013
[
log
(
rap
re
)]2
,
(5)
where re is the effective radius in arcsec and σe is the
corrected velocity dispersion, that is to say, the velocity dis-
persion inside re. For the SDSS case rap=1.5 arcsec.
3 CALCULATION OF THE STELLAR AND
VIRIAL MASS OF THE ETGS
In this paper we use two methods to derive the mass of
galaxies. The first one makes use of the luminosity of the
galaxies, the mass calculated in this way will be named “the
stellar mass”. The second method makes use of Newtonian
dynamics, the mass obtained in this way will be named “the
virial mass”. In the following sections we shall discuss in
detail these methods.
3.1 The stellar mass
3.1.1 The stellar mass considering an universal IMF
In what follows we will describe three different estimations
of the stellar mass considering an universal IMF.
In the first two cases we make use of an equation for stel-
lar mass-to-light (M/L) ratios obtained from fits of optical
and near-infrared galaxy data with simple stellar population
synthesis models and considering an universal Salpeter IMF
(Bell et al. 2003). The equation is as follows:
Mg ∼ Lg10ag+bg(Mg−Mr ), 6
where Mg is the total stellar mass in the g filter, Lg is
c© 2014 RAS, MNRAS 000, 1–24
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the luminosity in the g filter, Mg and Mr are the magnitudes
in the g and r filters, and ag and bg are scale factors (see
Table 7 from Bell et al. 2003).
i) de Vaucouleurs Salpeter-IMF stellar mass. The
masses have been derived using equation 6 and model-
parametric photometric information from the SDSS-DR9.
That is to say, the magnitude and effective radius of the
ETGs have been obtained using a de Vaucouleurs galaxy
light profile.
ii) Se´rsic Salpeter-IMF stellar mass. The masses have
been obtained considering equation 6 and Se´rsic parame-
ters. The Se´rsic parameters have been obtained from the
SDSS-DR9 Petrosian parameters following Graham et al.
(2005). These mass values, which shall be referred to as
Se´rsic masses, will be used to find a possible bias on our
results due to the luminous profile fit (See sections 3.4 and
5).
iii) Kroupa-IMF stellar mass. In this case the stel-
lar masses were derived by the MPA-JHU group (http :
//www.mpa− garching.mpg.de/SDSS/)(Kauffmann et al.
2003; Brinchmann et al. 2004; Tremonti et al. 2004). They
estimate the stellar mass within the SDSS spectroscopic
fibre aperture using fibre magnitudes and the total stel-
lar mass using model magnitudes. These stellar masses
are calculated using the Bayesian methodology and model
grids described in Kauffmann et al. (2003). A Kroupa
(2001) initial mass function is assumed. These stellar masses
can be obtained directly from the MPA-JHU group or
from the GALSPEC catalogue of the SDSS-DR9 (http :
//www.sdss3.org/dr9/algorithms/galaxympajhu.php).
According to Schulz et al. (2010), the stellar mass inside
a sphere of radius re corresponds approximately to 42% of
the total stellar mass calculated using the procedures men-
tioned above.
3.1.2 Correction to the stellar mass due to a
non-universal IMF
The stellar masses described in the previous section assume
a universal (Salpeter or Kroupa) IMF, however recent works
have found that the IMF is not universal, for example, Cap-
pellari et al. (2012) and Dutton et al. (2013) show that the
IMF depends on the stellar mass. Considering that the mass
follows light, using ΛCDM models that reproduce the rela-
tions between galaxy size, light concentrations and stellar
mass and using the spherical Jeans equations to predict ve-
locity dispersion of a sample of ETGs, Dutton et al. (2013)
propose a correction to the universal stellar mass as follows:
log
[
Mstar
Muni
]
∼ a+ b log
[
Muni
1011M
]
, 7
where Mstar and Muni are the stellar corrected-IMF
mass and the stellar universal-IMF mass respectively and a,
b are scale factors.
The sample of ETGs used in Dutton et al. (2013) has
several similarities to our total sample, for example, the mass
range and the redshift range are approximately equal to
those used by us. The main differences are the source of
the sample and the total number of ETGs that it contains.
While we use the SDSS-9DR they use the SDSS-7DR. In
the case of the total number of galaxies, it differs because,
although the selection criteria are similar, some of them are
more lax. For example, we use a limit in the quotient of the
semi axes of b/a > 0.6 while they use b/a > 0.5, and this dif-
ferent limit makes a big difference in the number of galaxies
included.
We shall use the correction proposed by Dutton (Equa-
tion 7) to the stellar mass of our samples. It is important
to say that equation 7 was obtained considering a Chabrier
IMF (Chabrier 2003) so in order to apply it correctly we
have converted our Salpeter and Kroupa IMF masses to the
Chabrier IMF mass by subtracting 0.23 dex and 0.035 dex re-
spectively (Dutton et al. 2013). In section 5 we shall present
and discuss the results.
3.2 The virial mass
This method requires the value of the velocity dispersion,
and assumes that the galaxies are in virial equilibrium. It
uses the following equation:
Mvirial ∼ K reσ
2
e
G
, 8
where Mvirial is the virial mass, re is the effective ra-
dius, σe is the velocity dispersion inside re, G is the gravita-
tional constant and K is a scale factor that for the case of the
de Vaucouleurs profile takes the value of 5.953 (Cappellari
et al. 2006).
The mass calculated using equation 8 gives the approx-
imate value of the dynamical mass of the galaxies inside a
sphere of radius equal to the effective radius re (see Cap-
pellari et al. 2006; Schulz et al. 2010). This mass may be
luminous or not.
In sections 4 and 5 we will perform an analysis of the
behaviour of the masses calculated by means of both meth-
ods listed above. We shall only consider the region internal
to re.
3.3 Errors in the virial and stellar masses
A key factor to calculate the error in the masses of the ETGs
is the error associated with the parameters included in its
calculation. To estimate the de Vaucouleurs Salpeter-IMF
stellar mass we use the model-parametric photometric infor-
mation, as well as its associated errors, from the SDSS-D9R.
On the other hand, the Se´rsic Salpeter-IMF mass and the
Kroupa-IMF stellar mass have been obtained considering the
Petrosian magnitude and Petrosian radius from the SDSS-
DR9. The Petrosian radius is defined as the largest radius at
which the r-band surface brightness is at least one-fifth the
c© 2014 RAS, MNRAS 000, 1–24
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Figure 1. Distribution of the stellar mass with respect to the virial mass for the ETGs Total (column 1), Morphologic (column 2)
and Homogeneous (column 3) samples. The first row corresponds to the Salpeter IMF stellar mass, the second one corresponds to the
Salpeter IMF-corrected stellar mass, the third one corresponds to the Se´rsic Salpeter stellar mass, the fourth one corresponds to the
Se´rsic Salpeter IMF-corrected stellar mass, the fifth one corresponds to the Kroupa IMF stellar mass and the last one corresponds to the
Kroupa IMF-corrected stellar mass. The solid line is the one-to-one line.
c© 2014 RAS, MNRAS 000, 1–24
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mean surface brightness interior to that radius. The Pet-
rosian flux is the total flux within a circular aperture of
twice the Petrosian radius. In the case of the virial mass,
besides the effective radius we require the velocity disper-
sion, which has been calculated inside the radius subtended
by the SDSS fibre. These parameters have been corrected for
various sources of bias (see Section 2) and the final errors
have been obtained considering the rules of error propaga-
tion. The mean errors of the photometric and spectroscopic
parameters from the SDSS data give the following results:
• The mean error in the de Vaucouleurs magnitude (g
filter) is approximately 0.008 mag.
• The mean error in the Petrosian magnitude (g filter) is
approximately 0.02 mag.
• The mean error in the de Vaucouleurs effective radius
(g filter) is of the order 4%.
• The mean error in the Petrosian radius (g filter) is of
the order 6%.
• The mean error in the velocity dispersion is approxi-
mately 5%.
However, there are some recent studies that show that
the errors in these parameters could be underestimates. For
example, using detailed axisymmetric dynamical models,
Cappellari et al. (2013) show that the photometric parame-
ters depend, among other things, on the adopted galaxy light
profile, the extrapolation of the outermost part of the galaxy
light profile and the depth of the photometry used. Taking
into account these systematics they find that the magnitude
(r filter) as well as the effective radius are accurate at the
10% level. On the other hand, using a model-independent ap-
proach Chen et al. (2010) find that the B magnitude mean
error is approximately 0.13 mag and the effective radius er-
ror is approximately 10%. In the case of the spectroscopic
parameter σe, its accuracy is affected mainly by uncertain-
ties in the stellar templates. The general finding is that this
parameter can be reproduced at best with an accuracy of
5% (Cappellari et al. 2012; Emsellem et al. 2004).
To take into account possible systematic errors in the
structural parameters of our ETGs sample, we adopt more
conservative mean errors considering the previously men-
tioned studies (Cappellari et al. 2013; Chen et al. 2010; Em-
sellem et al. 2004), of 0.1 mag, 10% and 5% for the mag-
nitude, effective radius and velocity dispersion respectively.
Considering these data, the mean errors for the stellar and
virial mass are approximately 15% and 12% respectively.
4 DISTRIBUTION OF THE STELLAR MASS
AS A FUNCTION OF THE VIRIAL MASS OF
ETGS
In Figure 1 we show a mosaic of the distribution of the stel-
lar mass with respect to the virial mass for the ETGs Total,
Morphologic and Homogeneous samples. The first row cor-
responds to the Salpeter IMF stellar mass, the second one
corresponds to the Salpeter IMF-corrected stellar mass, the
third one corresponds to the Se´rsic Salpeter stellar mass, the
fourth one corresponds to the Se´rsic Salpeter IMF-corrected
stellar mass, the fifth one corresponds to the Kroupa IMF
stellar mass and the last one corresponds to the Kroupa
IMF-corrected stellar mass. The IMF corrections to the stel-
lar mass were made using equation 7.
The distribution of the stellar mass with respect to the
virial mass may be analysed from two different points of
view.
Case 1) Global behaviour. In this case we refer to the
masses of galaxies as a set of dots to which a linear regression
can be applied. This regression will give us the behaviour of
the virial mass respect to the stellar mass, and this will give
us information as to the possible existence of dark matter
inside ETGs.
Case 2) Individual behaviour. In this case we consider
the behaviour of the stellar mass with respect to the virial
mass, one galaxy at a time. A relatively practical way to
analyse this behaviour is to compare the intrinsic dispersion
of luminous mass at a quasi-constant value of virial mass
and viceversa. The analysis of the intrinsic dispersion might
help us find the physical origin of this dispersion. It could
also help us, although in a less direct fashion than in case 1,
to investigate the presence of dark matter inside ETGs.
In what follows when we express the idea of quasi-
constant mass, we shall mean mass intervals in the logarithm
of width equal to 0.1.
In Appendix A we study in detail the distribution of
virial mass vs. stellar mass and perform numerical simula-
tions to analyse the possible presence of dark matter inside
ETGs. The main results found are the following:
• The intrinsic dispersion of the virial mass vs. stellar
mass of the different samples is at least three times larger
that the mean mass error. This means that the extra dis-
persion might be due to dependencies of the virial and/or
stellar mass on variables such as: redshift, wavelength and
environment.
• The intrinsic dispersion of the virial mass vs. stellar
mass depends on the mass of galaxies (see Figure 1 and
section 7.3).
• The geometry of the mass distribution of galaxies de-
pends both on the intrinsic properties of the galaxies, as well
as on the biases introduced by making arbitrary cuts to the
samples. The effect of the different biases introduced is that
the values of the slope obtained from the linear fits depend
on the mass distribution (geometric effect), that is to say, the
fit parameters depend on intrinsic properties of the galaxies
and observational biases.
• Due to the geometric effect, the set of calculated linear
fit slopes to the virial vs. stellar masses is not an adequate
set of parameters to perform analysis of intrinsic properties
of the galaxies. This method is, therefore, not useful for in-
vestigating the presence of dark matter inside ETGs.
• The weighted bisector fit applied to the mean value of
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the distribution at quasi-constant mass (WBQ fit) is an ade-
quate method for studying the global properties of the ETGs
(for details see section 7.3 of Appendix A). This method may
only be used as a first approximation to the study of dark
matter inside ETGs given that the amount of dark matter
might depend on variables such as mass (virial and stellar),
wavelength, redshift and/or environment.
• The intrinsic dispersion at quasi-constant mass does not
depend on the geometric effect. This suggests that the intrin-
sic dispersion at quasi-constant mass might be a good tool
for analysing the intrinsic properties of galaxies as functions
of other variables, such as wavelength, redshift or environ-
ment.
5 DARK MATTER INSIDE THE ETGS FROM
THE DR9
In the previous section and appendix A we saw that the
WBQ fit is a good method to study the global properties
of galaxies, particularly to investigate the presence of dark
matter inside ETGs. We shall now present the results of
applying this method to our 98,000 ETGs, as well as the ap-
plication to our 19,000 ETGs homogeneous sample and also
to the 27,000 ETGs morphological sample. The final errors
have been obtained considering the stellar and virial mass
errors as well as the error due to the WBQ fit to the different
samples. Here it is important to note that the WBQ fit has
been applied only to the mass interval where the homoge-
neous sample is complete, that is to say, for log(Mvirial) >
10.5 (Mg 6 −20.0).
In Figure 2 we show a mosaic of the behaviour of the
stellar mass with respect to the virial mass for the ETGs To-
tal, Morphologic and Homogeneous samples. The first row
corresponds to the Salpeter IMF stellar mass, the second one
corresponds to the Salpeter IMF-corrected stellar mass, the
third one corresponds to the Se´rsic Salpeter stellar mass, the
fourth one corresponds to the Se´rsic Salpeter IMF-corrected
stellar mass, the fifth one corresponds to the Kroupa IMF
stellar mass and the last one corresponds to the Kroupa
IMF-corrected stellar mass. Each graph shows the mean val-
ues of the luminous mass distribution at quasi-constant virial
mass (black dots), the mean values of the virial mass distri-
bution at quasi-constant stellar mass (blue squares) and the
WBQ fit (dotted line) to both point distributions. The solid
line is the one-to-one line.
In Table 1 we show the equations of the fits and the
estimations of dark matter inside galaxies of the different
samples. The amount of dark matter was calculated as fol-
lows:
• We define 300 values for the logarithm of the virial mass
(homogeneously distributed in the 9.5 - 12.5 interval)
• For each value of the logarithm of the virial mass we
obtained the logarithm of the stellar mass using the following
equation:
log(Mg/M) = A log(Mvirial/M) +B
where A and B represent the slope and the zero point
obtained from the fits to the different samples (see equations
in Table 1).
• We calculate the percentage difference between the
virial and stellar masses described previously.
• We calculate the minimum, maximum and mean values
of these differences.
• We transform minimum, maximum and mean values to
a linear scale. These quantities correspond to the estimated
minimum, maximum and mean dark matter percentage for
the galaxies in each one of the samples (see Table 1).
At this point it is important to point out that the errors
associated with the different calculated parameters in this
paper are obtained using the rules of error propagation in
the following way:
-Addition in quadrature if data are independent. This is
the case for the slope and zero point errors of the fits to the
different samples considered (see Section 3.3).
-Straight addition if the data are not independent. This is
the case for the errors in the dark matter estimates for the
different samples and combinations thereof.
According to the information in Table 1 we find:
• The average amount of dark matter considering the
mean values and only those samples with a universal IMF
is 7.1% ± 22.2%. If we correct for a non universal IMF the
amount of dark matter is 2.6% ± 21.5%. This result seems
to indicate that correction for a non universal IMF reduces
the estimated amount of dark matter (see discussion of this
result in the following paragraphs).
• The average amount of dark matter considering the
mean values and only those samples with a universal IMF
where the masses were obtained using de Vaucouleurs pro-
files is 7.7% ± 21.7%, whereas if we consider Se´rsic profiles
the amount of dark matter is 7.9% ± 23.7%. Considering
only those samples corrected for a non universal IMF where
the masses were obtained using de Vaucouleurs profiles the
amount of dark matter is 2.9% ± 22.1%, whereas if we con-
sider Se´rsic profiles the amount of dark matter is 3.1% ±
22.5%. This suggest that the estimated amount of dark mat-
ter is not affected by the profile used in the calculation of
luminous and virial mass.
• The average amount of dark matter if we consider the
mean values and only samples with a universal IMF in large
intervals of redshift (total and morphological samples) is
7.1% ± 22.2%, whereas if we consider only the sample re-
stricted in redshift (homogeneous sample) the amount of
dark matter is 6.9% ± 22.3%. If we consider only samples
corrected for non universal IMF in large intervals of redshift
(total and morphological samples) the amount of dark mat-
ter is 2.7% ± 21.3%, whereas if we consider only the sample
restricted in redshift (homogeneous sample) the amount of
dark matter is 2.4% ± 21.9%. This suggests that the esti-
mated amount of dark matter is similar when we move from
a wide to a narrow redshift interval.
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Figure 2. Distribution of the mean values of the virial and stellar mass from the Total (column 1), Morphologic (column 2) and
Homogeneous (column 3) samples. The first row corresponds to the Salpeter IMF stellar mass, the second one corresponds to the Salpeter
IMF-corrected stellar mass, the third one corresponds to the Se´rsic Salpeter stellar mass, the fourth one corresponds to the Se´rsic Salpeter
IMF-corrected stellar mass, the fifth one corresponds to the Kroupa IMF stellar mass and the last one corresponds to the Kroupa IMF-
corrected stellar mass. The black dots represent the mean values of the stellar mass at quasi-constant virial mass and the blue squares
represent the mean values of the virial mass at quasi-constant stellar mass. The dotted line corresponds to the WBQ fit. The solid line
is the one-to-one line.
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• The average differences of dark matter between the
maximum and minimum values for the non IMF corrected
samples is 6.524. This relatively high difference as well as
the equations corresponding to Table 1 suggest that there is
a dependence of the dark matter on virial and stellar mass.
• The average differences of dark matter between the
maximum and minumum values for the IMF corrected sam-
ples is 1.823. This relatively small difference as well as the
equations corresponding to Table 1 indicate that the amount
of dark matter is approximately equal for the entire range
of virial and stellar mass.
As seen in Section 3, the correction for a non univer-
sal IMF (Dutton et al. 2013) has been obtained from models
that consider the observed velocity dispersion of the galaxies
in a sample. Our estimation of the virial mass was also ob-
tained using the observed velocity dispersion, therefore the
corrected stellar mass and the virial mass could be corre-
lated. Besides the Dutton correction for non universal IMF
assumes that the mass follows the light, that is, that the
dark matter follows the same density profile as the stellar
component, which, according to some authors (Koopmans
et al. 2006; Thomas et al. 2011), is not valid for massive
galaxies (they seem to be more affected by the correction,
as can be seen in Figure 2, they are those that originally are
further away from the line of slope 1) and therefore, that the
estimation of the dark matter amount for corrected samples
as well as its behaviour as a function of virial or stellar mass
is not trustworthy.
Taking into consideration what we stated in the previ-
ous paragraph the estimate we shall give in this paper will
correspond to the average of the dark matter mean values
from all the non corrected IMF samples, that is approxi-
mately 7% ± 22% of dark matter.
It is interesting to note that the difference between the
mean value of dark matter for the IMF corrected and non
corrected samples is relatively small and always contained
within the errors.
As discussed in the introduction, the approximation to
the dark matter problem within the effective radius presents
different aspects. Some of the more recent and conspicu-
ous studies are the following: Gerhard et al. (2001), based
on a uniform dynamical analysis of the line-profile shapes
of 21 mostly luminous, slowly rotating, and nearly round
elliptical galaxies, find 10-40% of dark matter. Cappellari
et al. (2006) construct two-integral Jeans and three-integral
Schwarzschild dynamical models for a sample of 25 E/S0
galaxies with SAURON integral-field stellar kinematics and
find an average of 30% of dark matter. Thomas et al. (2007)
survey axisymmetric Schwarzschild models for a sample of
17 Coma early-type galaxies and find 10-50% of dark matter.
Williams et al. (2009) present comparisons between a large
sample of dynamically determined stellar mass-to-light ra-
tios and the predictions of stellar population models with
which they find 15% of dark matter. Barnabe` et al. (2011)
using gravitational lensing and stellar kinematics of the six-
teen early-type lens galaxies from the SLACS Survey, at z =
0.08 - 0.33 find an average of 12% of dark matter. However, if
they use stellar population synthesis models with a Salpeter
IMF, they find an average 31% of dark matter, while if they
use a Chabrier IMF the average dark matter found is 61%.
Thomas et al. (2011) compared dynamically derived stel-
lar mass-to-light ratios with completely independent results
from simple stellar population models from Coma early-type
galaxies and find 28%. Nigoche-Netro et al. (2011) compar-
ing luminous mass (obtained from colours and a Salpeter
IMF) and dynamical mass of approximately 90 000 ETGs
find an almost negligible amount of dark matter. Finally,
Cappellari et al. (2013), using detailed axisymmetric dy-
namical models and deriving accurate total mass-to-light ra-
tios (M/L) from a volume-limited and nearly mass-selected
ATLAS3D sample of 260 early-type galaxies find 13% of
dark matter.
From the previous data we realise that the minimum es-
timate of dark matter is approximately 10% and that the av-
erage of these estimates is closer to 30%. On the other hand,
the methods utilised by the different authors to estimate the
amount of dark matter are varied and never coincide with
the method used in this paper, so it is not possible to per-
form a direct comparison with our result. Besides, given the
nature of our data and the procedure followed for the cal-
culation of the virial and stellar masses, our result has an
associated error which is relatively large, so that it may only
be taken as a general tendency and the comparisons with
the literature may only be qualitative. So, we may only af-
firm that the 7% of dark matter estimated by us is smaller
than the smallest value found in the literature (10%) but
this difference is within the associated error. On the other
hand, our estimate is approximately four times smaller than
the literature average (30%). However, if we consider the as-
sociated error, our estimate is of the order of the literature
average.
As discussed above, using a correction for a non univer-
sal IMF reduces the estimated amount of dark matter. How-
ever, these results cannot be taken as conclusive because the
differences are within the associated error and the correction
may not be precisely accurate. On the other hand, using lin-
ear fits to samples with high intrinsic dispersion (dispersion
that appears to have a physical origin since its value is at
least three times larger than the associated errors) is not
appropriate to investigate the intrinsic properties of galax-
ies. The fitting method applied (using bins instead of points,
see Appendix A) reduces the associated biases, however it is
only a first approximation given that the intrinsic dispersion
depends on the mass and it could also depend on other vari-
ables such as the wavelength, the environment and/or the
redshift. These dependencies may also be correlated with the
amount of dark matter and, to control them we must perform
individual comparisons of the galaxy masses as functions
of the different variables mentioned above. Another method
to investigate these dependencies would be that proposed
in Appendix A (section 7.3), that is to say, comparing the
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intrinsic dispersion at quasiconstant mass (virial and stel-
lar) at different wavelengths, environment and redshift. In a
forthcoming paper we shall discuss in depth these methods
and we shall apply them to our galaxy samples.
6 CONCLUSIONS
The analysis of the distribution of stellar mass with respect
to virial mass on several samples of ETGs from the DR9 has
yielded the following results:
(i) The distribution of the virial mass vs. stellar mass has
a relatively high intrinsic dispersion. This dispersion might
have a physical origin given that it is at least three times
larger that the associated errors.
(ii) The values of the parameters obtained from linear
regressions performed on the mass distribution (BCESBis
method) are affected by a geometric effect (see Appendix
A). This method is, therefore, not useful for investigating
the intrinsic properties of the ETGs.
(iii) Monte Carlo simulations (see Appendix A) proved
that the weighted bisector fit applied to the mean value of
the distribution at quasi-constant mass (WBQ fit) is an ade-
quate method for studying the global properties of the ETGs
(for more details see section 7.3). This method may only be
used as a first approximation to the study of dark matter
inside ETGs given that the amount of dark matter might
depend on variables such as mass (virial and stellar), wave-
length, redshift and/or environment.
(iv) Application of the WBQ fit (see Section 5 and Ap-
pendix A) to the different samples produces the following
results:
• The amount of dark matter (mean value) considering
only those samples with a universal IMF is 7.1% ± 22.2%.
If we correct for a non universal IMF the amount of dark
matter is 2.6% ± 21.5%. This result seems to indicate that
correction for a non universal IMF reduces the estimated
amount of dark matter.
• The amount of dark matter (mean value) considering
only those samples where the masses were obtained using
de Vaucouleurs profiles is similar to that where we only
consider Se´rsic profiles. This suggests that the estimated
amount of dark matter is not affected by the profile used
in the calculation of luminous and virial mass.
• The amount of dark matter (mean value) if we con-
sider only samples in large intervals of redshift (total and
morphological samples) is similar to that when we con-
sider only the sample restricted in redshift (homogeneous
sample). This suggests that the estimated amount of dark
matter does not change when we move from a wide to a
narrow redshift interval.
• The average differences of dark matter (approxi-
mately 7%) between the maximum and minumum values
for the non IMF corrected samples and the correspond-
ing equations shown in Table 1 suggest a dependence of
the amount of dark matter on virial and stellar mass (see
section 5).
• The average differences of dark matter (smaller than
2%) between the maximum and minumum values for the
non IMF corrected samples and the corresponding equa-
tions shown in Table 1 suggest that the amount of dark
matter is approximately equal for the entire range of virial
and stellar mass (see Section 5).
The previous results suggest that a correction for a non
universal IMF not only reduces the estimated amount of
dark matter but also the dependence of the amount of dark
matter on virial and stellar mass. However these results can-
not be considered conclusive because the applied correction
may not be precisely adequate (see Section 5). Considering
this fact, the estimate of dark matter that we give in this
paper corresponds to the average of the non IMF corrected
samples, that is approximately 7% ± 22% of dark matter.
(v) The amount of dark matter found inside ETGs in rel-
evant works in the literature varies between 10% and 60%,
with an average value of approximately 30% (see Section 5).
Our estimate of the amount of dark matter is of the order
of the smallest value given in the literature and four times
lower than the average (30%) of literature estimates. How-
ever, given the variety of methods for the calculation of the
amount of dark matter used in the literature and that none
of them is similar to the one used in this paper, and also that
the values of our errors are relatively large, our results may
only be taken as a general tendency. In a forthcoming paper
we shall use other methods to estimate the amount of dark
matter (see methods proposed in section 7.3 of Appendix
A), and we shall also analyse the behaviour of the amount
of dark matter as function of mass, wavelength, environment
and redshift.
ACKNOWLEDGMENTS
We would like to dedicate this humble work to the memory
of Mrs. Eutiquia Netro Castillo, an extraordinary woman.
We would like to thank Instituto de Astronomı´a y Mete-
orolog´ıa (UdG, Me´xico), Instituto de Astronomı´a (UNAM,
Me´xico), and Instituto de Astrof´ısica de Andaluc´ıa (IAA,
Espan˜a) for all the facilities provided for the realisation
of this project. Our thanks are due to Luis M. Bor-
ruel and Isaac A. Perez for efficient computational assis-
tance. Alberto Nigoche-Netro and G. Ramos-Larios acknowl-
edge support from CONACyT and PROMEP (Me´xico).
Patricio Lagos is supported by a PostDoctoral Grant
SFRH/BPD/72308/2010, funded by FCT (Portugal) and
Fundac¸a˜o para a Cieˆncia e a Tecnologia (FCT) under
project FCOMP-01-0124-FEDER-029170 (Reference FCT
PTDC/FIS-AST/3214/2012), funded by the FEDER pro-
gram. We express our deepest appreciation to the anony-
mous referee whose comments and suggestions greatly im-
proved the presentation of this paper.
c© 2014 RAS, MNRAS 000, 1–24
12 Nigoche-Netro et al.
Table 1. Equations from the WBQ fit to the different ETGs samples (see Figure 2) and dark matter estimations.
Name of the sample Equation of the fit Amount of dark matter
Minimum Maximum Mean
Total samples
de Vaucouleurs Salpeter-IMF stellar mass log(Mg/M) = (0.885± 0.085) log(Mvirial/M) + (0.905± 0.093) 4.545 ± 21.83 9.809 ± 21.29 7.397 ± 21.53 a
de Vaucouleurs Salpeter-IMF corrected stellar mass log(Mg/M) = (1.007± 0.085) log(Mvirial/M)− (0.206± 0.095) 2.183 ± 19.57 3.381 ± 21.87 2.732 ± 21.56 b
Se´rsic Salpeter-IMF stellar mass log(Mg/M) = (0.861± 0.086) log(Mvirial/M) + (1.140± 0.133) 4.375 ± 23.03 11.01 ± 22.25 7.968 ± 22.61 c
Se´rsic Salpeter-IMF corrected stellar mass log(Mg/M) = (0.980± 0.086) log(Mvirial/M) + (0.065± 0.098) 3.029 ± 22.08 3.408 ± 21.70 3.235 ± 19.80 d
Kroupa-IMF stellar mass log(Mg/M) = (0.874± 0.083) log(Mvirial/M) + (1.101± 0.084) 2.327 ± 21.15 8.731 ± 20.66 5.797 ± 20.88 e
Kroupa-IMF corrected stellar mass log(Mg/M) = (1.003± 0.083) log(Mvirial/M)− (0.116± 0.084) 1.446 ± 20.66 2.121 ± 21.15 1.756 ± 20.88 f
Morphological samples
de Vaucouleurs Salpeter-IMF stellar mass log(Mg/M) = (0.912± 0.086) log(Mvirial/M) + (0.577± 0.100) 6.278 ± 22.23 9.634 ± 21.64 8.096 ± 21.91 g
de Vaucouleurs Salpeter-IMF corrected stellar mass log(Mg/M) = (1.037± 0.087) log(Mvirial/M)− (0.564± 0.103) 1.869 ± 21.93 5.151 ± 22.53 3.373 ± 22.20 h
Se´rsic Salpeter-IMF stellar mass log(Mg/M) = (0.858± 0.091) log(Mvirial/M) + (1.184± 0.192) 4.058 ± 25.61 10.95 ± 24.49 7.791 ± 25.00 i
Se´rsic Salpeter-IMF corrected stellar mass log(Mg/M) = (0.976± 0.092) log(Mvirial/M) + (0.128± 0.144) 2.424 ± 24.63 3.168 ± 23.88 2.827 ± 21.18 j
Kroupa-IMF stellar mass log(Mg/M) = (0.902± 0.084) log(Mvirial/M) + (0.794± 0.089) 3.321 ± 21.49 7.939 ± 20.98 5.823 ± 21.22 k
Kroupa-IMF corrected stellar mass log(Mg/M) = (1.026± 0.087) log(Mvirial/M)− (0.393± 0.101) 1.253 ± 21.89 3.539 ± 22.48 2.300 ± 22.16 l
Homogeneous samples
de Vaucouleurs Salpeter-IMF stellar mass log(Mg/M) = (0.815± 0.086) log(Mvirial/M) + (1.658± 0.100) 2.412 ± 22.23 12.06 ± 21.64 7.637 ± 21.91 m
de Vaucouleurs Salpeter-IMF corrected stellar mass log(Mg/M) = (0.925± 0.088) log(Mvirial/M) + (0.683± 0.113) 0.715 ± 23.00 4.688 ± 22.34 2.868 ± 22.65 n
Se´rsic Salpeter-IMF stellar mass log(Mg/M) = (0.845± 0.088) log(Mvirial/M) + (1.324± 0.154) 3.659 ± 23.99 11.36 ± 23.09 7.831 ± 23.51 o
Se´rsic Salpeter-IMF corrected stellar mass log(Mg/M) = (0.972± 0.089) log(Mvirial/M) + (0.155± 0.114) 2.690 ± 23.26 3.592 ± 22.59 3.179 ± 20.49 p
Kroupa-IMF stellar mass log(Mg/M) = (0.847± 0.085) log(Mvirial/M) + (1.410± 0.095) 1.054 ± 21.87 9.256 ± 21.32 5.498 ± 21.57 q
Kroupa IMF corrected stellar mass log(Mg/M) = (0.948± 0.088) log(Mvirial/M) + (0.511± 0.110) 0.412 ± 22.93 2.560 ± 22.29 1.199 ± 22.58 r
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7 APPENDIX A. DISTRIBUTION OF THE
STELLAR MASS AS A FUNCTION OF THE
VIRIAL MASS OF ETGS
The distribution of the stellar mass with respect to the virial
mass (Figure 1) may be analysed from two different points
of view.
Case 1) Global behaviour. In this case we refer to the
masses of galaxies as a set of dots to which a linear regression
can be applied. This regression will give us the behaviour of
the virial mass respect to the stellar mass, and this will give
us information as to the possible existence of dark matter
inside ETGs.
Case 2) Individual behaviour. In this case we consider
the behaviour of the stellar mass with respect to the virial
mass, one galaxy at a time. A relatively practical way to
analyse this behaviour is to compare the intrinsic dispersion
of luminous mass at a quasi-constant value of virial mass
and viceversa. The analysis of the intrinsic dispersion might
help us find the physical origin of this dispersion. It could
also help us, although in a less direct fashion than in case 1,
to investigate the presence of dark matter inside ETGs.
We must define in a rigorous way the intrinsic dispersion
of a set of points in which X represents the independent
variable and Y the dependent variable. Here it is interesting
to distinguish two properties of the dot distribution, the first
property refers to the width of the dot distribution around
the variable Y and the second refers to the mean value of
the Y coordinates. According to this, the intrinsic dispersion
is defined as the width of the dot distribution around the
mean value of the variable Y, which, in mathematical terms,
would be the standard deviation of the dot distribution with
respect to the mean value of the Y coordinate.
In the following sections we shall deal with cases 1 and 2
to analyse the possible presence of dark matter inside ETGs.
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7.1 Dark matter inside ETGs. Case 1
This case needs hardly any explanation because all that is
required is to perform a linear fit to the virial mass vs. the
stellar mass. The slope of this fit would be related to the
presence of dark matter inside ETGs. A slope with a value
of one means that there is the same amount of stellar mass
as virial mass and, therefore, there is no need to invoke the
presence of dark matter. An important point to comment
here is the method followed to perform the fit used to obtain
the values of the parameters of the linear regression, since it
has been demonstrated that these parameters are very sen-
sitive to several of the data properties, including: the errors
in the variables, the error correlation, the data dispersion
and using one or the other variable as the dependent vari-
able of the fit. The Bivariate correlated errors and intrinsic
scatter bisector (BCESBis) method (Isobe et al. 1990; Akri-
tas & Bershady 1996) takes into consideration the different
sources of bias listed above, so this is the first method that
we shall use to perform fits in this paper. It is important to
mention here that, in this case, possible dependencies of the
amount of dark matter on luminosity, redshift, wavelength
or environment are not considered.
7.2 The geometric effect in the parameters of the
linear regressions performed on the observed
distributions of virial vs. stellar mass.
As may be seen from Figure 1 the galaxies are distributed
in a cloud near the one-to-one line (solid line). The intrinsic
dispersion of the distribution of the sample with stellar mass
obtained using the Salpeter IMF is, on average, 0.015 dex
greater than Kroupa. In the case of the IMF-corrected and
non-corrected samples the difference in the intrinsic disper-
sion is within the associated error, that is to say, the intrinsic
dispersion does not diminish when the stellar masses are cor-
rected by the non-universal IMF. It is important to say that
the intrinsic dispersion, in all cases, is relatively high (ap-
proximately 0.2 dex) and that this dispersion is at least three
times larger that the mean mass error. This means that the
intrinsic dispersion might have an unknown physical compo-
nent. The extra dispersion might be due to dependencies of
the virial and/or stellar mass on variables such as: redshift,
wavelength, luminosity and environment.
In Nigoche-Netro et al. (2008, 2009, 2010) it has been
demonstrated that for linear fits to sets of data with a high
intrinsic dispersion, the values of the parameters of the lin-
ear fits performed to these points depend on the geomet-
ric form of the point distribution. This geometric form may
depend on physical properties of the galaxies as well as on
observational biases and arbitrary cuts performed on the ob-
served samples. This effect has been called the geometric ef-
fect (Nigoche-Netro et al. 2008). In previous works (Nigoche-
Netro et al. 2008; Nigoche-Netro et al. 2009; Nigoche-Netro
et al. 2010) it has been established that the geometric effect
does not allow the determination of the physical properties
of the samples of ETGs under study. For the virial vs. stellar
mass distribution we have a relatively high intrinsic disper-
sion so that the straight line must be affected by the said
geometric effect. In the following section we shall quantify
the geometric effect on the values of the parameters of the
linear regressions performed to the virial and stellar mass
distribution.
7.2.1 Simulated distribution of virial vs. stellar mass
To quantify the geometric effect in the linear regressions
made to our galaxy samples, we have made Monte Carlo
simulations in which we have considered that galaxies have
similar distribution on the Mvirial vs. Mg plane as that ob-
served for the real data. The simulations were performed
with 100 000 dots. The position of these points were gener-
ated by a random number generator within specific limits,
either inside a rectangular or ellipsoidal region. The number
of points decreases smoothly beyond the limits of the rect-
angular or ellipsoidal regions in order to give the simulations
a better likeness to the real distribution of galaxies on the
plane under study.
• Simulated distribution of virial vs. stellar mass consid-
ering constant intrinsic dispersion (rectangular simulation).
In Figure 3 we see the simulated galaxy distribution in
which the intrinsic dispersion at different virial masses is
the same. The value of this intrinsic dispersion is 0.2 dex
and is approximately equal to the value of the maximum
dispersion of the real distribution. The simulated distribu-
tion of galaxies has been taken around a straight line of slope
equal to 1 that passes through the origin, that is to say, the
global behaviour of the virial vs. stellar mass is the same (no
dark matter) and the individual behaviour of each type of
mass (virial, stellar) is affected only by the dispersion which
is the same at any value of the mass. If there is any physi-
cal property that is responsible for the intrinsic dispersion,
this property would be the same and contribute the same
amount over all the mass range.
The analysis of the geometric effect on the linear fits to the
mass distribution may be performed in two ways: increasing
mass intervals and narrow mass intervals (for more details
see Nigoche-Netro et al. 2008; Nigoche-Netro et al. 2009;
Nigoche-Netro et al. 2010).
Table 2 presents the results of the analysis using increasing
virial mass intervals (lower mass cut-off). Column 1 gives the
interval of virial mass in which the galaxies are contained,
column 2 indicates the number of galaxies in this interval,
column 3 presents the value of the slope obtained from the
linear fit to the data, column 4 gives the zero point and
finally, column 5 indicates the intrinsic dispersion found from
the data.
In Figure 4 we present the behaviour of the slope of the
linear fit as a function of the logarithm of the virial mass of
the galaxies (increasing intervals). The plotted value of the
logarithm of the virial mass corresponds to the mean value
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Table 2. Coefficients of the BCESBis fit for the rectangular sim-
ulation of galaxies in increasing-mass-intervals (lower mass cut-
off).
MI a N b S c A d σmass e
Intervals that progressively increase their width in amount of 0.1
12.4 >M > 12.5 3.299× 103 2.6500 ± 0.2090 -20.547 ± 2.6040 0.207
12.3 >M > 12.5 6.714× 103 2.1560 ± 0.0610 -14.338 ± 0.7610 0.209
12.2 >M > 12.5 1.005× 104 1.9690 ± 0.0280 -11.966 ± 0.3480 0.218
12.1 >M > 12.5 1.342× 104 1.7780 ± 0.0160 -9.5710 ± 0.1920 0.232
12.0 >M > 12.5 1.677× 104 1.6060 ± 9.8150× 10−3 -7.4230 ± 0.1200 0.247
11.9 >M > 12.5 2.010× 104 1.4790 ± 6.7370× 10−3 -5.8390 ± 0.0820 0.264
11.8 >M > 12.5 2.346× 104 1.3840 ± 4.7670× 10−3 -4.6720 ± 0.0580 0.285
11.7 >M > 12.5 2.678× 104 1.3110 ± 3.5490× 10−3 -3.7600 ± 0.0430 0.305
11.6 >M > 12.5 3.007× 104 1.2540 ± 2.7350× 10−3 -3.0560 ± 0.0330 0.327
11.5 >M > 12.5 3.338× 104 1.2090 ± 2.1380× 10−3 -2.5050 ± 0.0260 0.35
11.4 >M > 12.5 3.673× 104 1.1740 ± 1.7170× 10−3 -2.0840 ± 0.0210 0.374
11.3 >M > 12.5 4.017× 104 1.1490 ± 1.3790× 10−3 -1.7730 ± 0.0160 0.399
11.2 >M > 12.5 4.344× 104 1.1300 ± 1.1480× 10−3 -1.5380 ± 0.0140 0.424
11.1 >M > 12.5 4.680× 104 1.1120 ± 9.5710× 10−4 -1.3240 ± 0.0110 0.450
11.0 >M > 12.5 5.012× 104 1.0980 ± 8.1080× 10−4 -1.1540 ± 9.5700× 10−3 0.476
10.9 >M > 12.5 5.345× 104 1.0860 ± 6.9180× 10−4 -1.0100 ± 8.1430× 10−3 0.502
10.8 >M > 12.5 5.679× 104 1.0780± 5.9540× 10−4 -0.9050 ± 6.9890× 10−3 0.529
10.7 >M > 12.5 6.015× 104 1.0700 ± 5.1590× 10−4 -0.8120 ± 6.0430× 10−3 0.556
10.6 >M > 12.5 6.366× 104 1.0630 ± 4.4810× 10−4 -0.7210 ± 5.2380× 10−3 0.585
10.5 >M > 12.5 6.696× 104 1.0560 ± 3.9570× 10−4 -0.6480 ± 4.6190× 10−3 0.611
10.4 >M > 12.5 7.020× 104 1.0510 ± 3.5130× 10−4 -0.5870 ± 4.0960× 10−3 0.637
10.3 >M > 12.5 7.348× 104 1.0470 ± 3.1310× 10−4 -0.5370 ± 3.6480× 10−3 0.665
10.2 >M > 12.5 7.675× 104 1.0430 ± 2.8060× 10−4 -0.4900 ± 3.2690× 10−3 0.692
10.1 >M > 12.5 8.005× 104 1.0400 ± 2.5240× 10−4 -0.4480 ± 2.9430× 10−3 0.719
10.0 >M > 12.5 8.335× 104 1.0370 ± 2.2770× 10−4 -0.4150 ± 2.6570× 10−3 0.747
9.9 >M > 12.5 8.665× 104 1.0340 ± 2.0610× 10−4 -0.3830 ± 2.4090× 10−3 0.775
9.8 >M > 12.5 9.005× 104 1.0320 ± 1.8670× 10−4 -0.3520 ± 2.1860× 10−3 0.804
9.7 >M > 12.5 9.347× 104 1.0300 ± 1.6980× 10−4 -0.3300 ± 1.9960× 10−3 0.833
9.6 >M > 12.5 9.648× 104 1.0280 ± 1.5510× 10−4 -0.3050 ± 1.8310× 10−3 0.861
9.5 >M > 12.5 1.000× 105 1.0260 ± 1.4290× 10−4 -0.2479 ± 1.6950× 10−3 0.888
Intervals that progressively increase their width in amount of 0.5
12.0 >M > 12.5 1.667× 104 1.6060 ± 9.8150× 10−3 -7.4230 ± 0.1200 0.247
11.5 >M > 12.5 3.338× 104 1.2090 ± 2.1380× 10−3 -2.5050 ± 0.0260 0.350
11.0 >M > 12.5 5.012× 104 1.0980 ± 8.1080× 10−4 -1.1540 ± 9.5700× 10−3 0.476
10.5 >M > 12.5 6.696× 104 1.0560 ± 3.9570× 10−4 -648.00 ± 4.6190× 10−3 0.611
10.0 >M > 12.5 8.335× 104 1.0370 ± 2.2770× 10−4 -0.4150 ± 2.6570× 10−3 0.747
9.5 >M > 12.5 1.000× 105 1.0260 ± 1.4290× 10−4 -0.2840 ± 1.6950× 10−3 0.888
Intervals that progressively increase their width in amount of 1.0
11.5 >M > 12.5 3.338× 104 1.2090 ± 2.1380× 10−3 -2.5050 ± 0.0260 0.349
10.5 >M > 12.5 6.696× 104 1.0560 ± 3.9570× 10−4 -0.6480 ± 4.6190× 10−3 0.611
9.5 >M > 12.5 1.000× 105 1.0260 ± 1.4290× 10−4 -0.2840 ± 1.6950× 10−3 0.888
a Mass interval within which the galaxies are distributed.
b Number of galaxies in the mass interval.
c Slope of the BCESBis fit .
d Zero point of the BCESBis fit.
e Intrinsic dispersion of the distribution.
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Table 3. Coefficients of the BCESBis fit for the rectangular
simulation of galaxies in narrow-mass-intervals.
MI a N b S c A d σmass e
Intervals of width 0.1
9.5 >M > 9.6 3.1650× 103 2.0220 ± 0.1950 -9.7540 ± 1.8610 0.203
9.6 >M > 9.7 3.3690× 103 2.5660 ± 0.1950 -15.109 ± 1.8860 0.201
9.7 >M > 9.8 3.4160× 103 2.3160 ± 0.1920 -12.836 ± 1.8730 0.204
9.8 >M > 9.9 3.4030× 103 2.1700 ± 0.1880 -11.521 ± 1.8530 0.198
9.9 >M > 10.0 3.2960× 103 2.0800 ± 0.1880 -10.744 ± 1.8750 0.199
10.0 >M > 10.1 3.3040× 103 2.1150 ± 0.1950 -11.209 ± 1.9560 0.200
10.1 >M > 10.2 3.2990× 103 2.2170 ± 0.1930 -11.438 ± 1.0590 0.202
10.2 >M > 10.3 3.2700× 103 2.2080 ± 0.1950 -12.382 ± 1.9990 0.201
10.3 >M > 10.4 3.2800× 103 2.3280 ± 0.1990 -13.747 ± 2.0550 0.200
10.4 >M > 10.5 3.2400× 103 2.1500 ± 0.1910 -12.013 ± 1.9930 0.200
10.5 >M > 10.6 3.3000× 103 2.2720 ± 0.1970 -13.418 ± 2.0830 0.204
10.6 >M > 10.7 3.5080× 103 2.3520 ± 0.1940 -14.397 ± 2.0650 0.207
10.7 >M > 10.8 3.3620× 103 2.2940 ± 0.1930 -13.913 ± 2.0750 0.202
10.8 >M > 11.9 3.3350× 103 2.5410 ± 0.2000 -16.729 ± 2.1670 0.201
10.9 >M > 11.0 3.3300× 103 2.7610 ± 0.2010 -19.278 ± 2.1980 0.204
11.0 >M > 11.1 3.3200× 103 2.4120 ± 0.1970 -15.596 ± 2.1720 0.204
11.1 >M > 11.2 3.3640× 103 2.1140 ± 0.1890 -12.417 ± 2.1060 0.201
11.2 >M > 11.3 3.2680× 103 2.1700 ± 0.2000 -13.158 ± 2.2510 0.206
11.3 >M > 11.4 3.4380× 103 2.4310 ± 0.1850 -16.239 ± 2.0940 0.199
11.4 >M > 11.5 3.3540× 103 2.1630 ± 0.1880 -13.317 ± 2.1540 0.203
11.5 >M > 11.6 3.3070× 103 2.3130 ± 0.1900 -15.165 ± 2.1950 0.199
11.6 >M > 11.7 3.2940× 103 2.3330 ± 0.1900 -15.53 ± 2.2160 0.203
11.7 >M > 11.8 3.3200× 103 2.2610 ± 0.1970 -14.813 ± 2.3140 0.200
11.8 >M > 11.9 3.3570× 103 2.5980 ± 0.1930 -18.944 ± 2.2840 0.200
11.9 >M > 12.0 3.3350× 103 2.3560 ± 0.1980 -16.202 ± 2.3670 0.204
12.0 >M > 12.1 3.3490× 103 2.5390 ± 0.1980 -18.539 ± 2.3840 0.201
12.1 >M > 12.2 3.3700× 103 2.2590 ± 0.1950 -15.296 ± 2.3650 0.201
12.2 >M > 12.3 3.3340× 103 2.3440 ± 0.1880 -16.466 ± 2.2990 0.199
12.3 >M > 12.4 3.4130× 103 2.3790 ± 0.1900 -17.031 ± 2.3510 0.200
12.4 >M > 12.5 3.3010× 103 2.6530 ± 0.2090 -20.583 ± 2.6000 0.207
Intervals of width 0.5
9.5 >M > 10.0 1.6650× 104 1.6020 ± 9.9480× 10−3 -5.8740 ± 0.0970 0.244
10.0 >M > 10.5 1.6390× 104 1.6030 ± 9.8230× 10−3 -6.1810 ± 0.1010 0.246
10.5 >M > 11.0 1.6480× 104 1.6090 ± 9.9690× 10−3 -6.5480 ± 0.1070 0.247
11.0 >M > 11.5 1.6740× 104 1.6020 ± 9.8830× 10−3 -6.7710 ± 0.1110 0.247
11.5 >M > 12.0 1.6610× 104 1.5910 ± 9.8030× 10−3 -6.9390 ± 0.1150 0.245
12.0 >M > 12.5 1.6670× 104 1.6060 ± 9.8150× 10−3 -7.4230 ± 0.1200 0.247
Intervals of width 1.0
9.5 >M > 10.5 3.3040× 104 1.2120 ± 2.1450× 10−3 -2.1200 ± 0.02100 0.349
10.5 >M > 11.5 3.3580× 104 1.2130 ± 2.1430× 10−3 -2.3380 ± 0.02400 0.352
11.5 >M > 12.5 3.3380× 104 1.2090 ± 2.1380× 10−3 -2.5050 ± 0.02600 0.350
a Mass interval within which the galaxies are distributed.
b Number of galaxies in the mass interval.
c Slope of the BCESBis fit .
d Zero point of the BCESBis fit.
e Intrinsic dispersion of the distribution. c© 2014 RAS, MNRAS 000, 1–24
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Figure 3. Distribution of the virial vs. stellar mass of the rect-
angular simulation. The solid line is the one-to-one line.
Figure 4. Behaviour of the BCESBis fit slope in increasing virial
mass intervals (lower mass cut-off) from the rectangular simula-
tion. Each point corresponds to the mean value of the mass of the
galaxies contained in each mass interval analysed (see Table 2).
Circles, diamonds and squares represent intervals that progres-
sively increase their width in amounts of 1.0, 0.5, and 0.1 in the
abscissa.
in each interval. In Figure 4 we can also see that, in spite
of the fact that the mass distribution has the same intrin-
sic dispersion and that the galaxies are distributed around a
straight line of slope 1 (galaxies have the same physical prop-
erties at any value of the virial mass), the fits depend on the
interval of virial mass which is being considered. It may be
appreciated that the value of the slope tends to 1 when the
mass interval is relatively wide. The slope of the fit differs
from the expected value (m = 1) by less than 10% when the
virial mass interval in the logarithm is approximately equal
to 1.5 or less.
In Table 3 we present the results of the analysis consid-
ering mass intervals of the same width at different values of
the virial mass. The structure of Table 3 is the same as that
of Table 2. In this table we see that the intrinsic dispersion
approaches the expected value as the mass interval becomes
narrower. If we calculate the intrinsic dispersion at constant
mass the obtained value corresponds to the expected value.
In Figure 5 we present the behaviour of the slope of the
linear fit as a function of the logarithm of the virial mass of
the galaxies (same width intervals). The plotted value of the
logarithm corresponds to the mean value in each interval of
mass. This graph shows the slopes taken from Table 3. We
show the slopes for intervals of width equal to 1 (blue dots),
the slopes for intervals of width equal to 0.5 (red diamonds)
and for intervals with width equal to 0.1 (black squares). We
notice that for mass intervals of the same width the values
of the obtained slopes are similar, although they differ from
the expected value. The value of the slope approaches the
expected value only when the mass interval is relatively wide.
• Simulated distribution of the virial mass vs. the stellar
mass considering that the intrinsic dispersion is dependent
on the virial and stellar mass (ellipsoidal simulation).
Given that the real galaxy distribution does not have the
rectangular form analysed above, it is important to study
the behaviour of a simulated sample that has, as close as
possible, the characteristics of the real sample, that is to
say, that the intrinsic dispersion of the mass distribution
depends on both virial and stellar mass. In order to do this,
we consider that the mass distribution is contained within
an ellipse whose semi-minor axis is approximately equal to
the maximum value of the intrinsic dispersion of the real
sample and whose semi-major axis is approximately equal
to the mass interval within which the galaxies of our sample
are distributed. Again, as was done in the previous case, the
distribution of the 100 000 dots is built around the straight
line with slope equal to 1 and with intercept on the origin.
This means that the global behaviour of the virial mass vs.
the stellar mass of the galaxies is similar (no dark matter),
although, the intrinsic dispersion depends on the values of
both masses. Figure 6 presents this simulated distribution.
In Table 4 and Figure 7 we present the coefficients of the
linear fits for samples in increasing mass intervals (lower
mass cut-off). Given that the total sample was forced to dis-
tribute itself around the straight line with unit slope, then
the subsamples must also distribute themselves along this
same straight line, however, it is possible to see that the
value of the slope changes progressively as we consider a
larger number of less massive galaxies. The slope only ap-
proaches 1 when the mass interval is relatively wide. The
slope differs from the expected value by less than 10% when
the interval in the logarithm of the virial mass is approxi-
mately equal to 1.5 or less.
In Table 5 we show the results of the analysis that con-
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Figure 5. Behaviour of the BCESBis fit slope for virial mass
intervals of the same width from the rectangular simulation. Each
point corresponds to the mean value of the mass of the galaxies
contained in each mass interval analysed (see Table 3). Circles,
diamonds and squares represent intervals of width 1.0, 0.5, and
0.1 in the abscissa.
Figure 6. Distribution of the virial vs. stellar mass of the ellip-
soidal simulation. The solid line is the one-to-one line.
siders mass intervals of the same width at different values
of the virial mass. The structure of Table 5 is equal to that
of Table 3. In this table we may see how the value of the
intrinsic dispersion gets closer to the expected value as the
mass interval becomes narrower. If we calculate the intrin-
sic dispersion at constant mass, its value is identical to the
expected one.
In Figure 8 we present the behaviour of the slope of the
linear fit as a function of the logarithm of the virial mass
of the galaxies (same width intervals). The logarithm of the
plotted virial mass corresponds to the mean value in each
Figure 7. Behaviour of the BCESBis fit slope in increasing virial
mass intervals (lower mass cut-off) from the ellipsoidal simula-
tion. Each point corresponds to the mean value of the mass of the
galaxies contained in each mass interval analysed (see Table 4).
Circles, diamonds and squares represent intervals that progres-
sively increase their width in amounts of 1.0, 0.5, and 0.1 in the
abscissa.
interval of mass. This graph shows the slopes taken from
Table 5. We show the slopes for intervals of width equal to 1
(blue dots), the slopes for intervals of width equal to 0.5 (red
diamonds) and for intervals with width equal to 0.1 (black
squares). Here we may notice that the values of the slopes
we get for mass intervals of the same width depend on the
virial mass and, in all cases, move away considerably from
the expected value (m = 1). We also notice that when the
mass interval is relatively narrow the dependence on virial
mass disappears but the value found for it is very different
from the expected value.
Everything we have presented so far confirms that the
geometry of the mass distribution of galaxies depends both
on the intrinsic properties of the galaxies, as well as on the
biases introduced by making arbitrary cuts to the samples.
The effect of the different biases introduced is that the val-
ues of the slope obtained from the linear fits depend on the
mass distribution. We can conclude that the set of calcu-
lated linear fit slopes is not an adequate set of parameters
to perform analysis of intrinsic properties of the galaxies.
This method is, therefore, not useful for investigating the
presence of dark matter inside ETGs. In what follows we
shall propose another method to do this.
On the other hand, the analysis we have performed con-
firms that the intrinsic dispersion at quasi-constant magni-
tude does not depend on the geometric effect, as is the case
for other structural relations (see Nigoche-Netro et al. 2010;
Nigoche-Netro et al. 2011). This suggests that the intrinsic
dispersion at quasi-constant magnitude might be a good tool
c© 2014 RAS, MNRAS 000, 1–24
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Table 4. Coefficients of the BCESBis fit for the ellipsoidal simu-
lation of galaxies in increasing-mass-intervals (lower mass cut-off).
MI a N b S c A d σmass e
Intervals that progressively increase their width in amount of 0.1
12.4 >M > 12.5 820.00 -4.0550 ± 0.3840 50.290 ± 4.7620 0.0490
12.3 >M > 12.5 4.2800× 103 1.7950 ± 0.0360 -9.8590 ± 0.4480 0.078
12.2 >M > 12.5 7.7590× 103 1.5670 ± 0.0140 -7.0130 ± 0.1780 0.108
12.1 >M > 12.5 1.1360× 104 1.4080 ± 7.6870× 10−3 -5.0260 ± 0.0950 0.136
12.0 >M > 12.5 1.4900× 104 1.3260 ± 5.2150× 10−3 -4.0060 ± 0.0640 0.164
11.9 >M > 12.5 1.8430× 104 1.2640 ± 3.7760× 10−3 -3.2310 ± 0.0460 0.192
11.8 >M > 12.5 2.1840× 104 1.2170 ± 2.9170× 10−3 -2.6590 ± 0.0360 0.218
11.7 >M > 12.5 2.5340× 104 1.1790 ± 2.2980× 10−3 -2.1770 ± 0.0280 0.246
11.6 >M > 12.5 2.8890× 104 1.1530 ± 1.8700× 10−3 -1.8610 ± 0.0230 0.274
11.5 >M > 12.5 3.2410× 104 1.1310 ± 1.5350× 10−3 -1.5900 ± 0.0190 0.301
11.4 >M > 12.5 3.6000× 104 1.1100 ± 1.2820× 10−3 -1.3260 ± 0.0160 0.328
11.3 >M > 12.5 3.9600× 104 1.0970 ± 1.0840× 10−3 -1.1670 ± 0.0130 0.357
11.2 >M > 12.5 4.3090× 104 1.0850 ± 9.3570× 10−4 -1.0270 ± 0.0110 0.383
11.1 >M > 12.5 4.6600× 104 1.0750 ± 8.0740× 10−4 -0.9050 ± 9.7290× 10−3 0.411
11.0 >M > 12.5 5.0170× 104 1.0650 ± 7.0530× 10−4 -0.7790 ± 8.4800× 10−3 0.438
10.9 >M > 12.5 5.3670× 104 1.0570 ± 6.2100× 10−4 -0.6860 ± 5.4510× 10−3 0.465
10.8 >M > 12.5 5.7250× 104 1.0500 ± 5.4410× 10−4 -0.5950 ± 6.5130× 10−3 0.492
10.7 >M > 12.5 6.0740× 104 1.0430 ± 4.8230× 10−4 -0.5140 ± 5.7590× 10−3 0.518
10.6 >M > 12.5 6.4150× 104 1.0370 ± 4.3100× 10−4 -0.4400 ± 3.1350× 10−3 0.544
10.5 >M > 12.5 6.7700× 104 1.0310 ± 3.8400× 10−4 -0.3700 ± 4.5650× 10−3 0.572
10.4 >M > 12.5 7.1210× 104 1.0260 ± 3.4250× 10−4 -0.3080 ± 4.0600× 10−3 0.598
10.3 >M > 12.5 7.4690× 104 1.0220 ± 3.0630× 10−4 -0.2580 ± 3.6230× 10−3 0.625
10.2 >M > 12.5 7.8160× 104 1.0180 ± 2.7460× 10−4 -0.2130 ± 3.2410× 10−3 0.652
10.1 >M > 12.5 8.1670× 104 1.0150 ± 2.4650× 10−4 -0.1730 ± 2.9040× 10−3 0.679
10.0 >M > 12.5 8.5200× 104 1.0110 ± 2.2140× 10−4 -0.1320 ± 2.6020× 10−3 0.706
9.9 >M > 12.5 8.8640× 104 1.0080 ± 1.9960× 10−4 -0.0960 ± 2.3400× 10−3 0.733
9.8 >M > 12.5 9.2130× 104 1.0050 ± 1.8010× 10−4 -0.0610 ± 2.1060× 10−3 0.76
9.7 >M > 12.5 9.5700× 104 1.0030 ± 1.6230× 10−4 -0.0310 ± 1.8930× 10−3 0.787
9.6 >M > 12.5 9.9240× 104 1.0000 ± 1.4670× 10−4 −4.4030× 10−3 ± 1.7060× 10−3 0.815
9.5 >M > 12.5 1.0000× 105 1.0000 ± 1.4360× 10−4 2.6620× 10−3 ± 1.6680× 10−3 0.821
Intervals that progressively increase their width in amount of 0.5
12.0 >M > 12.5 1.4900× 104 1.3260 ± 5.2150× 10−3 -4.0060 ± 0.0640 0.164
11.5 >M > 12.5 3.2410× 104 1.1310 ± 1.5350× 10−3 -1.5900 ± 0.0190 0.301
11.0 >M > 12.5 5.0170× 104 1.0650 ± 7.0530× 10−4 -0.7790 ± 8.4800× 10−3 0.438
10.5 >M > 12.5 6.7700× 104 1.0310 ± 3.8400× 10−4 -0.3700 ± 4.5650× 10−3 0.572
10.0 >M > 12.5 8.5200× 104 1.0110 ± 2.2140× 10−4 -0.1320 ± 2.6020× 10−3 0.706
9.5 >M > 12.5 1.0000× 105 1.0000 ± 1.4360× 10−4 2.6620× 10−3 ± 1.6680× 10−3 0.821
Intervals that progressively increase their width in amount of 1.0
11.5 >M > 12.5 3.2410× 104 1.1310 ± 1.5350× 10−3 -1.5900 ± 0.0190 0.301
10.5 >M > 12.5 6.7700× 104 1.0310 ± 3.8400× 10−4 -0.3700 ± 4.5650× 10−3 0.572
9.5 >M > 12.5 1.0000× 105 1.0000 ± 1.4360× 10−4 2.6620× 10−3 ± 1.6680× 10−3 0.821
a Mass interval within which the galaxies are distributed.
b Number of galaxies in the mass interval.
c Slope of the BCESBis fit .
d Zero point of the BCESBis fit.
e Intrinsic dispersion of the distribution.c© 2014 RAS, MNRAS 000, 1–24
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Table 5. Coefficients of the BCESBis fit for the ellipsoidal sim-
ulation of galaxies in narrow-mass-intervals.
MI a N b S c A d σmass e
Intervals of width 0.1
9.5 >M > 9.6 761.00 -2.1940 ± 0.2990 30.659 ± 2.8710 0.046
9.6 >M > 9.7 3.5420× 103 1.9010 ± 0.0560 -8.6660 ± 0.5370 0.046
9.7 >M > 9.8 3.5710× 103 2.3020 ± 0.0890 -12.668 ± 0.8710 0.110
9.8 >M > 9.9 3.4870× 103 2.3040 ± 0.1170 -12.819 ± 1.1520 0.133
9.9 >M > 10.0 3.4450× 103 2.4300 ± 0.1350 -14.205 ± 1.3470 0.148
10.0 >M > 10.1 3.5260× 103 2.4040 ± 0.1460 -14.085 ± 1.4650 0.162
10.1 >M > 10.2 3.5080× 103 2.2150 ± 0.1570 -12.317 ± 1.5920 0.175
10.2 >M > 10.3 3.4750× 103 2.3440 ± 0.1720 -13.759 ± 1.7610 0.182
10.3 >M > 10.4 3.4780× 103 2.1710 ± 0.1760 -12.112 ± 1.8210 0.187
10.4 >M > 10.5 3.5070× 103 2.4400 ± 0.1800 -15.030 ± 1.8790 0.196
10.5 >M > 10.6 3.5460× 103 2.3180 ± 0.1900 -13.888 ± 2.0020 0.204
10.6 >M > 10.7 3.4200× 103 2.2860 ± 0.1980 -13.644 ± 2.1050 0.206
10.7 >M > 10.8 3.4860× 103 2.6320 ± 0.1940 -17.538 ± 2.0820 0.205
10.8 >M > 10.9 3.5780× 103 2.0400 ± 0.1910 -11.284 ± 2.0740 0.209
10.9 >M > 11.0 3.4970× 103 2.4950 ± 0.2010 -16.373 ± 2.2050 0.212
11.0 >M > 11.1 3.5690× 103 2.3480 ± 0.2000 -14.900 ± 2.2090 0.212
11.1 >M > 11.2 3.5150× 103 2.3630 ± 0.1960 -15.210 ± 2.1880 0.209
11.2 >M > 11.3 3.4880× 103 2.4040 ± 0.1950 -15.807 ± 2.1940 0.209
11.3 >M > 11.4 3.5980× 103 2.2150 ± 0.1860 -13.804 ± 2.1160 0.203
11.4 >M > 11.5 3.5980× 103 2.3530 ± 0.1870 -15.498 ± 2.1390 0.202
11.5 >M > 11.6 3.5190× 103 2.1410 ± 0.1800 -13.189 ± 2.0760 0.193
11.6 >M > 11.7 3.5460× 103 2.2860 ± 0.1770 -15.001 ± 2.0630 0.192
11.7 >M > 11.8 3.5040× 103 2.3710 ± 0.1660 -16.119 ± 1.9480 0.181
11.8 >M > 11.9 3.5490× 103 2.3250 ± 0.1600 -15.723 ± 1.8900 0.174
11.9 >M > 12.0 3.5230× 103 2.2090 ± 0.1440 -14.466 ± 1.7260 0.160
12.0 >M > 12.1 3.5470× 103 2.2320 ± 0.1290 -14.872 ± 2.5570 0.146
12.1 >M > 12.2 3.5990× 103 2.3020 ± 0.1290 -15.841 ± 1.3320 0.127
12.2 >M > 12.3 3.5790× 103 2.2330 ± 0.0910 -15.130 ± 1.1110 0.111
12.3 >M > 12.4 3.4600× 103 2.0700 ± 0.0560 -13.249 ± 0.6880 0.0810
12.4 >M > 12.5 3.2990× 103 2.6500 ± 0.2090 -20.547 ± 2.6040 0.207
Intervals of width 0.5
9.5 >M > 10.0 1.4810× 104 1.3370 ± 5.3230× 10−3 -3.2730 ± 0.0520 0.165
10.0 >M > 10.5 1.7490× 104 1.5070 ± 7.9550× 10−3 -5.1760 ± 0.0810 0.228
10.5 >M > 11.0 1.7530× 104 1.5940 ± 0.0100 -6.3750 ± 0.1090 0.248
11.0 >M > 11.5 1.7770× 104 1.6120 ± 9.9240× 10−3 -6.8890 ± 0.1120 0.250
11.5 >M > 12.0 1.7500× 104 1.5090 ± 7.9400× 10−3 -5.9950 ± 0.0930 0.228
12.0 >M > 12.5 1.4900× 104 1.3260 ± 5.2150× 10−3 -4.0060 ± 0.0640 0.164
Intervals of width 1.0
9.5 >M > 10.5 3.2300× 104 1.1310 ± 1.5410× 10−3 -1.2900 ± 0.0150 0.302
10.5 >M > 11.5 3.5300× 104 1.2020 ± 2.2230× 10−3 -2.2270 ± 0.0240 0.349
11.5 >M > 12.5 3.2410× 104 1.1310 ± 1.5350× 10−3 -1.5900 ± 0.0190 0.301
a Mass interval within which the galaxies are distributed.
b Number of galaxies in the mass interval.
c Slope of the BCESBis fit .
d Zero point of the BCESBis fit.
e Intrinsic dispersion of the distribution. c© 2014 RAS, MNRAS 000, 1–24
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Figure 8. Behaviour of the BCESBis fit slope for virial mass
intervals of the same width from the ellipsoidal simulation. Each
point corresponds to the mean value of the mass of the galaxies
contained in each mass interval analysed (see Table 5). Circles,
diamonds and squares represent intervals of width 1.0, 0.5, and
0.1 in the abscissa.
Figure 9. Distribution of the mean values of the virial and stellar
mass from the rectangular simulation. The black dots represent
the mean values of the stellar mass at quasi-constant virial mass
and the blue squares represent the mean values of the virial mass
at quasi-constant stellar mass. The continuous line corresponds
to the BQ fit and the dotted line corresponds to the WBQ fit.
for analysing the intrinsic properties of galaxies as functions
of other variables, such as wavelength, redshift or environ-
ment.
Figure 10. Distribution of the mean values of the virial and stel-
lar mass from the ellipsoidal simulation. The black dots represent
the mean values of the stellar mass at quasi-constant virial mass
and the blue squares represent the mean values of the virial mass
at quasi-constant stellar mass. The continuous line corresponds
to the BQ fit and the dotted line corresponds to the WBQ fit.
Figure 11. Behaviour of the WBQ fit slope in increasing virial
mass intervals (lower mass cut-off) from the distribution of the
mean values of masses (rectangular simulation, see Figure 9 and
Table 6). Each point corresponds to the mean value of the mass
of the galaxies contained in each mass interval analysed.
7.3 Investigating the presence of dark matter
inside ETGs. Case 2
In the previous section we have seen that the intrinsic dis-
persion of the mass distribution of galaxies at quasi-constant
mass does not depend on the geometric effect. We propose
that we could use the value of this intrinsic dispersion as
c© 2014 RAS, MNRAS 000, 1–24
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Table 6. Coefficients of the WBQ fit in increasing virial mass
intervals (lower mass cut-off) from the distribution of the mean
values of masses (rectangular simulation, see Figure 9).
MI a N b S c A d
Intervals that progressively increase their width in amount of 0.1
12.4 >M > 12.5 4.0 -7.3780 ± -61.920 104.00 ± 872.00
12.3 >M > 12.5 8.0 0.4280 ± 0.6820 7.1600 ± 9.5500
12.2 >M > 12.5 11 1.1510 ± 0.2245 -1.8000 ± -2.3600
12.1 >M > 12.5 13 1.2410 ± 0.1143 -2.9100 ± -1.1500
12.0 >M > 12.5 15 1.2210 ± 0.0629 -2.6600 ± -0.6340
11.9 >M > 12.5 17 1.1810 ± 0.0380 -2.1800 ± -0.3840
11.8 >M > 12.5 19 1.1510 ± 0.0244 -1.8000 ± -0.2460
11.7 >M > 12.5 21 1.1250 ± 0.0168 -1.4800 ± -0.1690
11.6 >M > 12.5 23 1.1000 ± 0.0120 -1.1800 ± -0.1220
11.5 >M > 12.5 25 1.0820 ± 0.0089 -0.9700 ± -0.0915
11.4 >M > 12.5 27 1.0680 ± 0.0069 -0.7950 ± -0.0702
11.3 >M > 12.5 29 1.0590 ± 0.0054 -0.6920 ± -0.0551
11.2 >M > 12.5 31 1.0510 ± 0.0044 -0.5950 ± -0.0443
11.1 >M > 12.5 33 1.0450 ± 0.0036 -0.5170 ± -0.0363
11.0 >M > 12.5 35 1.0390 ± 0.0029 -0.4540 ± -0.0301
10.9 >M > 12.5 37 1.0350 ± 0.0025 -0.3970 ± -0.0253
10.8 >M > 12.5 39 1.0310 ± 0.0021 -0.3540 ± -0.0214
10.7 >M > 12.5 41 1.0280 ± 0.0018 -0.3210 ± -0.0183
10.6 >M > 12.5 43 1.0260 ± 0.0016 -0.2890 ± -0.0158
10.5 >M > 12.5 45 1.0230 ± 0.0014 -0.2610 ± -0.0137
10.4 >M > 12.5 47 1.0210 ± 0.0012 -0.2400 ± -0.0120
10.3 >M > 12.5 49 1.0200 ± 0.0011 -0.2260 ± -0.0106
10.2 >M > 12.5 51 1.0190 ± 0.0009 -0.2080 ± -0.0094
10.1 >M > 12.5 53 1.0170 ± 0.0009 -0.1910 ± -0.0084
10.0 >M > 12.5 55 1.0160 ± 0.0008 -0.1770 ± -0.0075
9.9 >M > 12.5 57 1.0150 ± 0.0007 -0.1660 ± -0.0067
9.8 >M > 12.5 59 1.0150 ± 0.0006 -0.1600 ± -0.0060
9.7 >M > 12.5 62 1.0170 ± 0.0006 -0.1880 ± -0.0053
9.6 >M > 12.5 66 1.0230 ± 0.0005 -0.2520 ± -0.0048
9.5 >M > 12.5 70 1.0230 ± 0.0005 -0.2600 ± -0.0046
a Mass interval within which the galaxies are distributed.
b Number of points in the mass interval.
c Slope of the WBQ fit.
d Zero point of the WBQ fit.
a tool to investigate the possible presence of dark matter
inside ETGs. But, in which way could we achieve this ?
We note first, as seen in section 7.2, that the mass dis-
tribution has two interesting properties, one is its width and
the other is the mean value of the distribution. In what fol-
lows we shall analyse the relationship of these properties
with dark matter.
a) The width of the distribution (intrinsic dispersion)
as a function of mass (virial or stellar). This property helps
us to study the physical origin of the intrinsic dispersion,
given that this width depends on the virial and stellar mass
of galaxies (see Figure 1), it could also depend on other vari-
ables such as wavelength, redshift and/or environment. If the
behaviour of this dispersion as a function of virial mass is
different from its behaviour as a function of the stellar mass,
then the difference would be related to the presence of dark
matter. In a forthcoming paper we shall study this relation
in depth.
b) The mean value of the distribution as a function of
mass (virial or stellar). This property may help us carry out
a first approach to the study of the dark matter inside ETGs
given that we may perform a linear fit to the mean values of
c© 2014 RAS, MNRAS 000, 1–24
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Table 7. Coefficients of the WBQ fit in increasing virial mass
intervals (lower mass cut-off) from the distribution of the mean
values of masses (ellipsoidal simulation, see Figure 10).
MI a N b S c A d
Intervals that progressively increase their width in amount of 0.1
12.4 >M > 12.5 0.0 0.0000 ± 0.0000 0.0000 ± 0.0000
12.3 >M > 12.5 4.0 0.3253 ± 0.4095 8.3300 ± 6.6800
12.2 >M > 12.5 6.0 0.8429 ± 0.1471 1.9300 ± 1.7000
12.1 >M > 12.5 8.0 0.9409 ± 0.0687 0.7230 ± 0.7510
12.0 >M > 12.5 10 0.96440 ± 0.0383 0.4330 ± 0.4120
11.9 >M > 12.5 12 0.9804 ± 0.0241 0.2370 ± 0.2550
11.8 >M > 12.5 14 0.9829 ± 0.0164 0.2070 ± 0.1730
11.7 >M > 12.5 16 0.9925 ± 0.0119 0.0894 ± 0.1250
11.6 >M > 12.5 18 0.9904 ± 0.0090 0.1150 ± 0.0939
11.5 >M > 12.5 20 0.9939 ± 0.0070 0.0723 ± 0.0730
11.4 >M > 12.5 22 0.9925 ± 0.0056 0.0893 ± 0.0574
11.3 >M > 12.5 24 0.9976 ± 0.0045 0.0285 ± 0.0465
11.2 >M > 12.5 26 0.9966 ± 0.0037 0.0396 ± 0.0378
11.1 >M > 12.5 28 0.9962 ± 0.0031 0.0446 ± 0.0315
11.0 >M > 12.5 30 0.9969 ± 0.0026 0.0370 ± 0.0265
10.9 >M > 12.5 32 0.9983 ± 0.0022 0.0200 ± 0.0225
10.8 >M > 12.5 34 0.9989 ± 0.0019 0.0128 ± 0.0193
10.7 >M > 12.5 36 0.9986 ± 0.0017 0.0163 ± 0.0166
10.6 >M > 12.5 38 0.9993 ± 0.0015 0.0087 ± 0.0144
10.5 >M > 12.5 40 0.9989 ± 0.0013 0.0127 ± 0.0125
10.4 >M > 12.5 42 0.9992 ± 0.0011 0.0093 ± 0.0110
10.3 >M > 12.5 44 0.9991 ± 0.0009 0.0099 ± 0.0097
10.2 >M > 12.5 46 0.9993 ± 0.0009 0.0081 ± 0.0086
10.1 >M > 12.5 48 0.9994 ± 0.0008 0.0071 ± 0.0076
10.0 >M > 12.5 50 0.9997 ± 0.0007 0.0032 ± 0.0068
9.9 >M > 12.5 52 0.9996 ± 0.0006 0.0041 ± 0.0060
9.8 >M > 12.5 54 0.9996 ± 0.0006 0.0052 ±0.0054
9.7 >M > 12.5 56 0.9996 ± 0.0005 0.0042 ± 0.0048
9.6 >M > 12.5 59 1.0003 ± 0.0004 -0.0035 ±-0.0043
9.5 >M > 12.5 60 0.9996 ± 0.0004 0.0044 ± 0.0042
a Mass interval within which the galaxies are distributed.
b Number of points in the mass interval.
c Slope of the WBQ fit .
d Zero point of the WBQ fit.
the stellar mass as a function of the virial mass and vicev-
ersa. Implementing this method we must consider that the
dispersion depends on the virial and stellar mass (see Fig-
ure 1). In order to account for this fact, it is necessary to
calculate the mean value of the distribution of both vari-
ables and perform a linear regression. The linear regression
obtained in this way may be used as an alternative method
to investigate the global properties of the ETGs sample, in
particular to investigate whether or not there is dark mat-
ter inside ETGs. At this point we must emphasize that the
application of this method constitutes a first approach to
the study of the dark matter inside ETGs. This study must
be supplemented by a fuller study in which other variables
are taken into consideration; variables such as wavelength,
redshift and/or the environment that might affect the deter-
mination of the amount of dark matter present.
In what follows when we express the idea of quasi-
constant mass, we shall mean mass intervals in the logarithm
of width equal to 0.1.
We propose two different linear regressions to analyse
the distribution of masses: the first one is a bisector fit ap-
plied to the mean value of the distribution at quasi-constant
c© 2014 RAS, MNRAS 000, 1–24
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Figure 12. Behaviour of the WBQ fit slope in increasing virial
mass intervals (lower mass cut-off) from the distribution of the
mean values of the masses (ellipsoidal simulation, see Figure 10
and Table 7). Each point corresponds to the mean value of the
mass of the galaxies contained in each mass interval analysed.
mass (BQ fit), and the second one is a weighted bisector
fit applied to the mean value of the distribution at quasi-
constant mass (WBQ fit). In the last case, the weight used
to perform the fit was the number of galaxies inside the mass
interval.
To investigate the degree of confidence which we can
give the methods we are proposing, we have used the sim-
ulations presented in the previous section. The results may
be seen in Figures 9 and 10 for the rectangular and ellip-
soidal simulations respectively. In Figures 9 and 10 we plot
the mean values of the distribution of the stellar mass at
quasi-constant virial mass (black dots), the mean values of
the distribution of the virial mass at quasi-constant stellar
mass (blue squares) and two different fits, the first one cor-
responds to the BQ fit (continuous line) and the second one
corresponds to the WBQ fit (dotted line). From the Figures
9 and 10, we can see that the WBQ fit produces the best
estimation of the parameters of the simulated samples.
But, is the WBQ fit affected by the geometric effect?
In Tables 6 and 7 and Figures 11 and 12 we present the re-
sults of the values of the slope obtained from the WBQ fit
to subsamples of dots (lower mass cut-off) where it is clearly
shown that the geometric effect is practically nonexistent.
The slope approaches 1 even when the mass interval is rela-
tively narrow. The slope differs from the expected value by
more than 10% when the interval in the logarithm of the
virial mass is less than 0.3 for the ellipsoidal simulation and
0.8 for the rectangular simulation. We also can see that the
error in determining the slope is relatively small when we
have a wide interval of masses. This error, in the worst case,
is of the order of 2% so this will be the error that we consider
due to the fit method.
It has been proven that our alternative method, the
WBQ fit, allows the recovery, in a trustworthy fashion, of
the global behaviour of the masses of galaxies from the sim-
ulated samples. In section 5 we apply this method to the
analysis of the galaxies in our real DR9 samples.
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